I. INTRODUCTION
The matrix metalloproteinase (MMP) family of enzymes consists of 25 zinc-dependent endopeptidases in mice and 24 in humans, where its founding member was first discovered in metamorphosing tail skin of Xenopus in 1961 and its last member, epilysin (MMP28), was discovered some 40 years later ( Fig. 1 ; Refs. 84, 85, 136, 152, 161) . Members of the MMP family were originally identified by descriptive names that were assigned based on limited knowledge of their preferred substrate specificities, e.g., collagenases, gelatinases, stromelysins, and matrilysins (256) . A sequential numbering system, loosely based on the order of discovery, was adopted when it became clear that more MMPs exist than was previously suspected and that the names based on substrate specificity type were inadequate. The missing MMPs (MMP4, MMP5, and MMP6) were removed from the list because further studies showed that either the gene products did not exist or were identical to previously described members (304) . Over the past four decades, in addition to discovering additional new members, researchers have shown that members of this family undergo a multistep activation process and display distinct molecular interac-FIG. 1 . Matrix metalloproteinase (MMP) discovery timeline. This diagram depicts discovery of the MMP family members chronologically with the exception of MMP1, which was actually the second MMP discovered. Over ϳ40 years , 28 different MMP genes have been identified. The founding member of the MMP family, Xenopus collagenase, now thought to be collagenase 4 (MMP18), was discovered in 1961 by J. Gross and C. M. Lapiere (85) and the last member, epilysin (MMP28), was reported separately by two groups: W. Parks tions with other proteinases and substrates in vivo that make their biology decidedly complex.
As in all tissues, expression of MMPs in the lung is a highly regulated process, and understanding its regulation could, in part, shed light into their biological function in normal developmental processes, such as lung branching morphogenesis, and in many pathological conditions, such as asthma or chronic obstructive lung disease (58, 119, 212, 213, 246) . Some of the known targets of MMPs in the lung include extracellular matrix (ECM) molecules, growth factors, chemokines, proteinases, and cell surface proteins, such as adhesion molecules. The functional significance of the interactions between MMPs and their substrates in bronchoalveolar fluid and in the lung parenchyma is a novel concept that is currently being explored, but because of the intricacy of these enzymes and their substrates, much of this type of information remains poorly understood. However, a dedicated effort is now underway to identify the many as yet undiscovered proteins that are undoubtedly critical substrates of the MMPs (83a, 278) .
Many members of the MMP family are upregulated in the lungs of humans with inflammatory diseases. To understand the biology of MMPs in a variety of relevant human pathological conditions such as allergic inflammation, tissue injury and repair, remodeling, and host defense against pathogens (9, 52, 133) , the genetic approach, which uses single or complex deletion of MMP gene(s), has been particularly powerful. However, despite the use of some of these well-established models of lung diseases, no unifying theme on the advisability of inactivating these molecules in all inflammatory conditions has emerged. For instance, deletion of MMP2 is protective in allotransplant models because it significantly reduces cellular infiltration and fibrosis. But, in sharp contrast, deficiency in MMP2 increases susceptibility of mice to lethal asphyxiation in an asthma model (36, 49) . Interestingly, lack of MMP2 in humans results in many abnormalities, including an osteolytic and arthritic disorder and other bone deformities (4) . Thus, despite the fact that large efforts have been directed towards the development of chemical inhibitors of MMPs, it is not clear whether MMP inhibition is beneficial or harmful and in which situations it would be of clinical help. Among the critical issues that require resolution are the mechanisms of action and function of MMPs under diverse pathological conditions.
The lung has a rich vascular network and is in continuous and direct communication with the outside environment. Thus it is not surprising that besides serving as the conduit for gas exchange, one of the main functions of the lung is its role in host defense, protecting against such affronts as viral and bacterial pathogens and/or other organic/inorganic environmental insults. Although small amounts of MMP2 and MMP14 are present in the lining fluid of the lung under normal conditions, other MMPs such as MMP7, MMP8, MMP9, and MMP12 are upregulated under many pathological conditions. There is considerable evidence that MMPs in the lung play a role in host defense (9, 212, 223) . In this review we present evidence from the literature that supports a direct or an indirect role for several of the MMP family members in various lung diseases. The mechanistic insight into the function of proteinases requires the use of carefully crafted models of lung injury and repair. Using examples of work done in animal models of human lung diseases, as well as in translational studies, we explore the expression of MMPs, their mechanisms of action, and their involvement in lung pathology and repair.
In section II, we compare MMPs from lower phylogenetic ranks of species, e.g., invertebrates, with those of higher orders, e.g., mammals, a comparison that may allow lessons from a simple system to provide insights into the most complex biological functions of this family of enzymes. Then, we review the molecular regulation of MMPs and their activation in the lung (see sect. III). Although not formally tested, based on their predicted cleavage sites, collectively, activated forms of MMPs can degrade most of the secreted or cell surface bound proteins in the body; thus many levels of regulation are necessary to prevent proteolytic damage. Following in section IV, we use lung development as a model system in which to explore the spatiotemporal expression of MMPs. In smoking-related human lung diseases such as chronic obstructive pulmonary disease (COPD) and emphysema, where the loss of alveolar space is the main hallmark, understanding the role of MMPs in alveolar generation/ regeneration may hold the key to future treatment of these diseases. The upregulation of MMPs in the lung under various pathological conditions is explored in section V. The main issue that we address is whether there is enough evidence to support the notion that resurgence of MMPs in general is harmful in the active or chronic phases of lung diseases. We review and compare in section VI whether the actions of members of the MMP family are redundant or compensatory in nature. The role of MMPs in modulating the immune system perhaps through mediating the cross-talk between the innate and adaptive immune systems is addressed in section VII. In section VIII, we review evidence that MMP cleavage of various proteins alters their effector functions, providing a new paradigm for MMPs' mechanism of action in inflammatory conditions in human lung. Next, we review human genetic variation in MMPs (see sect. IX). In section X, we discuss the role of MMPs in some human lung diseases. Finally, in section XI, we examine whether there is support for inhibition of MMPs in non-cancer-related lung diseases. This is a critical issue, since currently most inhibitors in the market inhibit the broad class of MMPs, which can affect multiple systems. However, there is a great interest in developing designer MMP inhibitors to target the action of individual members.
II. EVOLUTION OF MATRIX METALLOPROTEINASES
The MMPs belong to the metzincin superfamily that includes enzymes with similar metalloproteinase domains such as astacins, ADAMs, and ADAM-TS proteinases (256) . There is little consensus as to how the MMPs should be grouped, and different experts in the field classify them based on their structural similarities, substrate specificity, or tissue expression ( Fig. 1; Refs. 213, 256) . The MMPs have a catalytic domain and a hemopexin-like domain. Among MMPs, the zinc-binding motif (HEXX-HXXGXXH, where X is a variable amino acid) and the propeptide cysteine switch (PRCGXPD) are highly conserved (164) . Another highly conserved region is the "methionine turn" (XXMXP) thought to maintain the structural integrity of the zinc-binding site (255, 256) . MMPs are formed as zymogens and activated following secretion either by cleavages in the hydrophobic propeptide domain that is located in the NH 2 terminus or in the transGolgi network by furin-like protein convertases (as detailed in sect. III).
Multiple sequence analyses of the different domains indicate that modern, multidomain MMPs evolved early on, before the divergence of vertebrates from invertebrates, from an enzyme with a simpler structure (164) . One putative candidate, enterotoxin from Bacteroides fragilis (BFT; GenBank accession no. U90931) has a zincbinding consensus motif, characteristic of the metalloproteinase family (75) , and shares 59% sequence identity with the 27 amino acid stretch in human MMP-1, which includes the catalytic zinc-binding domain and the "Met turn" (75, 307) . In addition, purified BFT can cleave monomeric G-actin, gelatin, and azocoll in vitro. Because bacteria first appeared more than 3.5 billion years ago, and eukaryotes around 1.8 billion years ago, it is possible that the metalloproteinases evolved at that time and apparent that MMPs are ancient (164) .
Because most of the literature on MMPs is focused on mammals, many comparative studies focus first on identifying the presence of a proteinase and then classifying the proteinase as a matrix-degrading enzyme. This classification is done in several ways: analysis of protein sequence and putative tertiary structures, determination of the substrate specificity, and inhibition of degradatory capacity by known MMP inhibitors. These necessary studies have led to hypotheses that MMPs are critical for regeneration of tissues and development. Now that the presence of MMPs has been unequivocally established in lower phyla, it is time to focus on the structure-function relationship of these MMPs and utilize new model systems for investigating mechanisms for MMP action.
To better understand the roles that MMPs play today in development and disease, it is helpful to understand their historical functions and their function in other organisms.
MMPs are widely distributed across phylogenies, but their structures are fairly conserved. Members of the MMP family have been found in soybean (167) and mustard (155) plants and algae (125) . In invertebrates, MMP-like activity has been noted in Balanus amphitrite barnacle larvae (158) , Strongylocentrotus purpuratus sea urchin embryos (228) , Scylla serrata crabs (250) , Crassostrea virginica (321) and C. gigas (268) oysters, and Mytilus galloprovincialis mussels (159) . The nematodes, Caenorhabditis elegans (288) and Gnathostoma spinigerum (280) , have MMPs. Drosophila has two MMPs (149, 150, 206) . What remains to be fully answered is whether MMP functions in complex biological processes such as development, tissue repair, and immune response are also conserved.
A. Development
In vitro, as a group MMPs are able to degrade every type of ECM protein yet tested (256) . Conceivably based on this observation, MMPs could be viewed as critical players in development and repair processes. It is clear that Drosophila melanogaster1-MMP (DM1-MMP) is required for proper development of the larval tracheal respiratory system and for pupal head eversion, while DM2-MMP is important for metamorphosis and neural development. Mutant Drosophila, lacking functional DM1-MMP, are smaller in size, grow tracheae that appear to be overstretched and broken in spots, and wander earlier than their wild-type counterparts (206) . These researchers also note that at ecdysis from larval/larval molting, flies appear to have difficulty shedding their exoskeleton, which appears to be stuck at the ends of the tracheae. Because new tracheae are formed inside the old tracheae, separated by tracheal fluid, this could imply that there are cuticular defects or possibly a defect in the tracheal lining fluid.
In contrast, MMP2 has been found in developing zebrafish throughout embryonic development and is required for normal embryogenesis (316) . In addition, using a novel technique that would best be described as in vivo zymography in the zebrafish model, MMP activity has been visualized throughout embryogenesis in these fish; however, its role in the developing respiratory system remains unclear (54) .
XMMP7, the Xenopus homolog to human MMP7, is expressed in macrophages during embryonic development (98) along with XMMP9 (38) and is hypothesized to play a role in macrophage migration.
B. Tissue Repair
In organisms from hydra to fish, MMPs are involved with tissue repair. For instance, if MMPs are blocked using the MMP-specific, zinc-chelating inhibitor GM6001, limb regeneration stops in newts (285) . In hydra, foot regeneration inhibited by GM6001 is reversible, and upon removal of the inhibitor, foot regeneration resumes (143) . Zebrafish also cannot regenerate fins if MMPs are blocked with GM6001 (10) . Whether MMPs are involved in gill tissue repair in the fish is unclear. However, in oysters, one study demonstrated increased MMP mRNA expression in gill tissue 18 -24 h after exposure to hypoxia. This could represent tissue degradation after oxidative destruction; however, MMPs are often upregulated during angiogenesis. Given their role in tissue regeneration, it seems more likely that they are working to increase gill area or to replace damaged tissue (268) . This response is similar to that seen in rats, where systemic treatment with GM6001 delayed epithelial wound healing (175) .
C. Immune Response
The function of MMPs in the innate immune response is a role that evolved before the divergence of vertebrates and invertebrates. In the oyster Perkinsus marinus, MMP-like activity increases after infection with a protozoan parasite (183) . In Crassostrea gigas, bacterial challenge results in increased mRNA expression of cg-MMP (89) . In response to shell damage and bacterial challenge, cg-TIMP (tissue inhibitor of metalloproteinases) is upregulated in hemocytes in gill (178), suggesting not only that the complexity of MMP regulation seen in mammals evolved early on, but also that the role of MMPs in respiratory system function has long been important. In support of this, adult hydra injected with the MMP inhibitor GM6001 exhibit decreased mucus production, as evidenced by a decrease in cell adhesion (hydra did not stick to a glass rod). The researchers also found decreased peroxidase activity (143) . This is suggestive of immune system activity; however, more studies of MMP function in plants and invertebrates will be necessary to answer this question.
III. REGULATION OF MATRIX METALLOPROTEINASES IN LUNG: TRANSCRIPTION, TRANSLATION, AND POSTTRANSLATIONAL REGULATION
MMPs are tightly regulated in the lung at the transcriptional and translational levels of gene expression via multiple transcription factors (activators and repressors). These factors include a large list of growth factors, hormones, cytokines, cell adhesion molecules, ECM proteins and their bioactive fragments, intracellular signaling factors (GTPases), and agents that cause actin cytoskeletal reorganization, all of which can directly or indirectly upregulate the expression of MMPs (121) . Additionally, mRNA stability has been suggested in some studies to play a role in regulation of MMP1, MMP2, and MMP9 (200, 231) . Finally, MMPs are regulated at the protein level through their activation state and cellular location.
A. Transcriptional and Translational Regulation
As emphasized in this review, MMPs are made in different cell types under unique conditions, and thus distinctive inductive and suppressive factors regulate the expression of each of the members of the MMP family. These are detailed comprehensively in several recent reviews; therefore, we will briefly review the main types of regulating factors and provide recent examples (61, 256) . Interestingly, most of the same factors that regulate the expression of MMPs in the lung can also act as their substrates, providing a built-in and, most likely, essential component of the regulatory cascades. This coordination between MMP and substrate ensures efficient activation and control of MMPs in vivo (173, 283) .
Transcription factors
The first step in regulating MMP production occurs at the transcriptional level. Several proteins, including earlygrowth response gene product 1 (EGR1), nuclear factor kappa B (NFB), globin transcription factor 1 (GATA1), activator protein 1 family members (AP-1), and signal transducer and activator of transcription 3 (STAT3C), have been shown to affect several members of the MMP gene family. For example, lung fibroblasts from EGR1 null mice fail to upregulate expression of MMP2 in response to stimulation with a mixture of tumor necrosis factor (TNF)-␣, interleukin (IL)-1␤, and interferon (IFN)-␥ (189). Interestingly, in endothelial cells EGR1 binds to the MMP14 promoter, also regulating its expression (94) . Because MMP14 activates MMP2, this provides a positivefeedback loop for upregulation of MMP2. With the use of a luciferase promoter/reporter assay in cultured fibroblasts, MMP1 transcription increases during cell shape changes and depends on NFB-mediated IL-1 secretion (121, 295) . Similarly, GATA-1 in endothelial cells and members of the AP-1 family, c-Jun, JunD, c-Fos, FosB, and Fra-1 proteins in lung cancer cells activate the MMP2 promoter (95. 41) . In a mouse model of hyperoxia-induced lung injury, the development of lung damage, including capillary leakage and neutrophil infiltration into alveoli, is mediated by the synthesis and release of MMP9 and MMP12 from neutrophils and alveolar resident cells. This deleterious effect is prevented by overexpression of STAT3C in alveolar epithelial cells, which decreases both transcription and activity of MMP9 and MMP12 (146).
Growth factors
Epidermal growth factor receptor (EGFR) activation upregulates MMP14 in lung fibroblasts (122) . MMP2 and MMP9 are upregulated in response to treatment of mice with hepatocyte growth factor (HGF), a treatment that also improves lung fibrosis through a mechanism involving increased myofibroblast apoptosis (176) . Deletion of the ␣1,6-fucosyltransferase (Fut8) gene in mice is associated with abnormal lung parenchyma development consistent with emphysema-like lesions and overexpression of MMP12 and MMP13 (290) . Although most likely abnormal lung development plays a significant role in lung lesions seen in mice deficient in Fut8, the unexpected dysregulation of MMPs in the absence of Fut8 is mediated through aberrant transforming growth factor (TGF)-␤1 receptor signaling, which is known to downregulate MMP1, MMP12, and MMP13 through negative transcriptional regulatory mechanisms (290).
Cytokines/chemokines
Chemokines have been shown to regulate several members of the MMP family. Indirect evidence shows that activation of CCR1, the receptor for RANTES/CCL5, MCP-1/CCL2, and SDF-1/CXCL12, induces secretion of MMP9 in primary human monocytes (126) . In fibroblasts, CCL2 increases expression of MMP1 and MMP2. These increases are mediated by the proinflammatory cytokine IL-1␣ (308) .
In cultured cells, the proinflammatory cytokines IL-1, IL-6, and TNF-␣ upregulate MMPs (132, 147, 308, 311) . More importantly, this is also observed in vivo. IL-1␤ is produced in a biologically inactive form and can be activated by cleavage with MMP9 (237) . When IL-1␤ production is ectopically expressed in the lung epithelium using a Clara cell secretory protein promoter (CCSP) as driver, it causes pulmonary inflammation, spontaneous overexpression of MMP9 and MMP12, disruption of elastin fibers in alveolar septa, and fibrosis in airway walls, a pathology resembling that of emphysema (137) .
When IL-13, another proinflammatory cytokine, is administered intranasally, it induces airway hyperresponsiveness (AHR) and increases MMP2 mRNA in lung and both pro-and active MMP2 in bronchoalveolor lavage (49) . IL-13 works through STAT6 to induce expression of MMP2 and MMP9 in the lung, and it requires the IL-4/IL-13 receptor-specific signaling chain IL-4R␣ (46, 284; F. Kheradmand and D. Corry, unpublished data). Overexpression of IL-13 using a doxicycline-induced CCSP driver in the adult murine lung increases transcription and translation of MMP2, MMP9, MMP12, MMP13, and MMP14, in a MMP12-dependent manner (135) . These mice also exhibit respiratory failure due to increased lung volumes and compliance, mucus metaplasia, and spontaneous inflammation. Some of the IL-13-dependent lung damage can be prevented by administration of the MMP inhibitor GM6001 (318).
IL-17, a T-cell-specific cytokine, has been shown to promote degradation of collagen in vitro through a process that is dependent on upregulation of MMP1, MMP3, and MMP13 (129) . Furthermore, when recombinant IL-17 is administered in the airways of mice, it results in an increase in the concentration and activity of MMP9 in the BAL (220) . These findings point to the link between adaptive immune system and activation of MMPs in diseases that feature tissue destruction such as arthritis of the joints and emphysema in the lung.
Endogenous inflammatory intermediates
Reactive oxygen species (ROS), including singlet O 2 , hydroxyl radical, superoxide anion, and hydrogen peroxide, are created by the partial reduction of molecular O 2 (71) . ROS are found in high levels in cigarette smoke and are generated by mitochondria, peroxisomes, and the plasma membranes and vacuoles of activated leukocytes (72, 110) . Imbalances in ROS have been implicated in a variety of lung pathologies: too little may impair host defense and too much may result in tissue damage, disease, or cell death (72) .
ROS can affect MMP gene expression through activation of several transcription factors. H 2 O 2 production by mitochondria can activate MMP1 gene expression through activation of AP-1 and Ets-1 transcription factors (185) . In addition, ROS indirectly activate MMP expression via JNK and ERK signaling pathways (185) .
Reactive nitrogen species (RNS) are also involved in inflammatory reactions. In a rat model of pulmonary embolism, MMP2 and MMP9 are upregulated, perhaps indirectly as a result of neutrophil and macrophage influx to the pulmonary artery or directly from oxidative stress associated with pulmonary embolism. L-Arginine, a known oxygen radical scavenger, is also a substrate for nitric oxide synthase (138) . Treatment with L-arginine diminishes MMP expression, while inhibition of nitric oxide synthase abrogates the effect of L-arginine (253) , suggesting that MMP production is driven by NO or one of its partially reduced forms, such as peroxynitrite. In support of this hypothesis, endogenous NO has been shown to increase MMP1 promoter activity in cultured cells (113) .
Environmental factors
Ample studies have linked mRNA expression of several proteinases in lungs to cigarette smoke exposure (42, 43, 305) . Short (few hours) and prolonged (6 mo) exposure to smoke significantly increases expression of matrix metalloproteinase MMP9 and MMP12 mRNA in lung and antigen presenting cell populations (27) . Lungs from mice exposed to cigarette smoke show increased volume fractions of alveolar septa and airspaces by morphometrical analysis and have increased MMP12 in lung macrophages compared with sham-treated mice, pathological changes consistent with those seen in human emphysema (281) . These effects may be mediated by ROS, since as mentioned above, cigarette smoke contains high concentrations of ROS (110) .
Air pollution may also contain high levels of ROS, but also particulate matter composed of heavy metals. Urban air pollutants have been shown to increase production of MMP2, MMP7, and MMP9 (261, 262) . However, since air particulates are composite mixtures, the actual causative agent remains unclear. Interestingly, the MMP activity profile varies depending on the type or fraction of urban pollution administered (2) , indicating that the response to pollution is complex and may be driven by several factors.
Pathogen-derived mediators
Destruction of lung by cavity-forming bacterial pathogens has been well documented. Most recently, conditioned media from Mycobacterium tuberculosis (MTb)-infected monocytes, but not direct infection with the organism, was observed to upregulate epithelial cell MMP1 promoter activity, gene expression, and secretion. These effects are dependent on p38 mitogen-activated protein kinase (MAPK) phosphorylation. These data reveal that MTb regulates the expression of MMP1, which can drive lung tissue destruction (64) . In contrast in cultured human monocytic cell line (THP-1), infection with both MTb and its cell wall glycolipid stimulate expression and activity of MMP9 (227) . The cellular mechanism involved in this process is dependent on signaling through mannose receptors, the activation of protein kinases and transcriptional activation by AP-1 (226) . In addition to MTb, other bacteria, including Staphylococcus, can cause similar types of lung damage. Perhaps this example of pathogen-mediated increase in MMP expression is a general response of the host innate immune system to the invading organism (more detail in sect. VII).
Mechanical stress
In addition to all of the known factors mentioned above, expression of MMPs in the lung is also modulated by the mechanical stimuli that continuously change airway pressure as part of the dynamic breathing cycle. During pathological conditions that cause bronchial constriction, or during mechanical ventilation, lung pressure fluctuates greatly (99, 270, 276, 303) . Under experimental conditions, exposure of rats to 4 h of high-volume ventilation results in upregulation of MMP2, MMP9, and MMP14 in the lung, by a mechanism that depends on the upregulation CD147 (74, 100) . In cultured cells and in isolated mouse lungs that are stimulated with methacholine, a potent bronchial smooth muscle stimulant, mechanical stress is communicated from stressed (bronchoalveolar) to unstressed (fibroblasts) cells. This elicits increased production of MMP9 and TIMP1, through shedding of cell surface receptors and activation of EGFR (266, 274, 275) .
The role of shear stress in upregulation of MMPs is not unique to the lung, since stimulation of cultured synovial cells by shear stress also elevates the mRNA level of MMP1, MMP3, and MMP13 and the three transcription factors c-Fos, Ets-1, and Ets-2, suggesting a new mechanism for tissue degradation in rheumatic joints (263) . These effects of mechanical stress may ultimately be caused by production of ROS, since mechanical stress increases ROS in vascular smooth muscle cells. In that case, the ROS generated are responsible for increased gene expression of MMP2 and increased release of pro-MMP2 (86).
B. Posttranslational Regulation
Posttranslational modification of MMPs in the lung is a crucial step in regulating MMP action in vivo and is mediated through activation of latent MMPs. Several MMPs have soluble and cell surface forms, providing another level of regulation through compartmentalization/localization (201, 203) . In addition, two endogenous families of inhibitory proteins, TIMP1-4 and ␣2-macroglobulin, are known to regulate MMPs at the posttranslational level and are briefly discussed in section XI.
Activation of MMPs
Secreted pro-MMPs remain inactive due to the interaction of the unpaired cysteine sulfhydryl group (cysteine switch) in the propeptide domain with the active site containing the zinc ion (256) . Of the diverse means of activating MMPs, one common thread is thought to be thiol (sulfhydryl) reactivity, which disrupts the binding of the cysteine switch and exposes the active site of the enzyme (185) . Removal of the propeptide containing the cysteine group by enzyme cleavage or disruption of the zinc-cysteine interaction can result in activation of the latent enzyme (256) . Several MMPs are exceptions to this rule, including MMP11, MMP28, and all of the transmembrane MMPs (MT1-MT6-MMP), which are activated in the secretory pathway via subtilisin-like furin family serine proteinases (216) . Organic mercury compounds, SDS, heat, acidic pH, and ROS have all been shown to activate MMPs in vitro (304) . For instance, Pro-MMP1 is activated by H 2 O 2 , HOCl, and OH radicals (230) . Pro-MMP1 becomes partially activated when ROS oxidate the sulfhydryl group, making an unstable pro-MMP1. At that point, the unstable pro-MMP1 is susceptible to autocatalytic cleavage of the propeptide resulting in active enzyme (185) .
Activation of MMP2 on the cell surface critically depends on the binding of pro-MMP2 to MMP14 and TIMP2. This complex, which tethers the zymogen in place, allows a second active MMP14 to cleave the prodomain and release the activated MMP2 (260) . This type of multistep, pericellular activation is now also shown to play a role in the activation of pro-MMP-7 where this soluble zymogen is captured and activated on the cell membrane through interaction with CD151, a member of the transmembrane 4 superfamily (248). Furthermore, MMP7 activity is blocked by antibodies to CD151 (248) .
Several other proteinases regulate activation of MMPs, including trypsin and cathepsin G (304) . In vivo, pro-MMP2 and MMP9 are activated by a chymase proteinase. Mice lacking the mast cell chymase proteinase 4 (mMCP-4) fail to process pro-MMP9 and pro-MMP2 to their active forms, resulting in increased collagen, ear thickness, and a higher content of hydroxyproline in the ear tissue compared with wild-type mice (271) .
Plasmin and its activator urokinase plasminogen activator (uPA) can activate an array of proteinases, including many MMPs (304) . This system is intricately bound to the MMP system, as the zymogen form of plasmin, plasminogen, is a known substrate for several MMPs (256) . Adding further complexity to this system, plasmin not only activates MMPs, it can inactivate the tissue inhibitors of metalloproteinases (TIMPs) (131) .
Activation of MMPs in vivo under physiological or pathological conditions, such as sepsis, requires multiple steps, but the exact mechanisms remain unknown. In experimental endotoxemia, lipopolysaccharide (LPS), TNF-␣, granulocyte colony stimulating factor (G-CSF), and IL-8 result in release of pro-MMP9 in the blood, while activated MMP9 and MMP2 are not detected (224) . However, whole blood analysis of MMPs in patients with gram-negative sepsis shows activated forms of MMP2 and MMP9, the levels of which correlate with the severity of sepsis. This indicates that while proinflammatory mediators such as LPS can acutely induce the inactive form of MMPs, the activation process in response to bacterial infection is more complex and regulated differently in vivo (224) .
Activity of MMPs can be altered in several ways. The relative fluxes of nitric oxide and superoxide at sites of inflammation are shown to differentially modulate MMP2 activity, because superoxide-derived metabolites increase activity of MMP2 in vitro, while peroxynitrite, which is formed from the interaction between superoxide and nitric oxide, inhibits MMP2 activity (204) . MMP activity may also be altered by environmental pollutants. Rats exposed to a combination of particulate matter and ozone experience increased MMP2 activity in bronchoalveolar lavage (BAL) (272).
Localization of MMPs
Compartmentalization of MMPs in inflammatory cells is the most obvious example of this type of regulation. For example, pro-MMP8, pro-MMP9, and pro-MMP25 are packaged into peroxidase-negative granules within neutrophils to be released upon leukocyte activation (67) . Peroxidase-positive azurophil granules contain both activators of MMPs, such as serine proteinases and ROSgenerating enzymes, and inactivators of MMPs, such as thrombospondin (67) . MMP9 and MMP12 can be released from macrophages in response to activation.
In addition, chemokines have been shown to regulate MMP activation by altering their localization. MMP14 is highly expressed on lung endothelial cells, and in its absence, there is decreased angiogenesis induced by the chemokines CCL2 and CXCL8 (6, 78, 320) . In human endothelial cells, CCL2 and CXCL8 increase cell surface expression and clustering of MMP14 (78) . The cell surface expression pattern of MMP14 is one potential regulator of MMP2 activity, since MMP2 activation would then be dependent on colocalization with MMP14 (93) .
Another level of regulation is that MMPs can be either free in the cytosol or bound to the surface of a cell. The cell surface-bound forms of at least two MMPs are thought to enhance inflammatory cell functions. For example, MMP9 is secreted but also has a cell surface-bound form. This active, cell surface form of MMP9 is expressed on neutrophils in response to proinflammatory mediators and can cleave gelatin, type IV collagen, elastin, and ␣1-proteinase inhibitor in vitro (202) . However, in contrast to soluble MMP9, membrane-bound MMP9 is substantially resistant to inhibition by TIMPs and may be responsible for the increase in pericellular proteolytic activity necessary for the proper action of neutrophils in vivo, although this hypothesis has not been formally tested (202) . Similarly, neutrophils exposed to proinflammatory cytokines increase cell surface expression of active MMP8. Pericellular collagenase activity from activated neutrophils is attributed to membrane-bound MMP8, and its localization on the cell surface confers resistance to TIMP inhibition (203) . MMP8 may be anti-inflammatory during acute lung injury, because MMP8 null mice given intratracheal LPS have significantly greater accumulation of neutrophils in the alveolar space than wild-type mice (203) . Together with the cell surface activation of MMP2 and MMP7, these experiments suggest that localization of MMPs to the cell surface is a general means of regulating MMP activity. Additionally, MMP1, MMP2, and MMP9 have been found to bind to specific cell surface proteins such as ␣ v ␤ 3 -integrin, ␣ 2 ␤ 1 -integrin, and CD44, respectively (30, 259, 314 ; for a recent review, see Ref. 213 ).
IV. SPATIOTEMPORAL EXPRESSION OF MATRIX METALLOPROTEINASES IN LUNG: BRANCHING MORPHOGENESIS AND ALVEOLAR DEVELOPMENT
Lung development is a multistep process, beginning with a group of endodermal cells, which interact to form the lung primordium, and this in turn forms the trachea. The differentiation of the cells is directed by cell-cell interactions and regulated by the genes Gli, Shh, and Nkx2.1 (57) . From this point, the lung grows through branching morphogenesis, angiogenesis, and alveolar generation [for detailed reviews on the molecular regulation of lung morphogenesis, see Cardoso (37) and the ATS official workshop document (1)].
Very little is known about regeneration of lung after injury/destruction, but it is likely that repair events mimic those during development (317) . Thus elucidating the mechanisms involved in alveologenesis will yield information that may facilitate understanding the repair process. In this regard, MMPs represent excellent targets, since these enzymes are critical for alveolar development and often, in lung injury, many of the same MMPs, such as MMP7, MMP8, and MMP9, reappear (303) . In many instances, it is unclear whether the presence of MMPs is destructive or beneficial. Knowing how these enzymes function during development will help us to further our understanding of lung repair, possibly providing insight on how to repair emphysematous lungs and lungs damaged from chronic inflammation or injury.
Various MMPs participate in the development of lung from the very beginnings of lung bud formation throughout alveolarization, where some MMPs are more prominent players than others. For instance, in the developing mouse lung, there is no detectable MMP3, MMP9, MMP10, or TIMP1 at any stage (122) . Expression of mRNA for MMP15 and MMP20 in fetal and adult lungs shows no significant changes with developmental stage, whereas MMP2 and MMP14 decrease with age (229) . MMP21 is expressed transiently during embryonic development with expression peaking around days 11-13.5 as detected by PCR and may be associated with neuronal cells (3, 160) . Amidst all the variation, two key MMPs stand out as being of major importance during development: MMP2 and MMP14 (MT1-MMP; is upregulated after birth (34) . MMP upregulation may be mediated by CD147, which has been shown to be highly expressed in lung on embryonic days 13.5 and 15.5 in mice (66) , but is minimal in adult lung (39) .
A. Branching Morphogenesis
Branching morphogenesis of bronchiole structures takes place during the pseuodoglandular stage, which is characterized by dichotomous branching of epithelial tubes (229) . This stage occurs from 7-16 wk gestational age in humans and embryonic days 9.5 -16.5 in the mouse. In the mouse, MMP2, MMP14, and TIMP2 are expressed on days 11.5 and 13.5 (122) . In humans, MMP1, MMP9, TIMP1, TIMP2, and TIMP3 are detected by immunohistochemistry in fetal epithelium, while MMP2, MMP1, TIMP2, and TIMP3 are expressed only in pulmonary vascular endothelium and media (165) .
Branching morphogenesis can be inhibited with high concentrations of the broad spectrum metalloproteinase inhibitor GM6001 (81, 122 ). Yet, a lower concentration of GM6001 enhances branching (81) . One model of branching morphogenesis suggests that cleft formation is driven by accumulation of TGF-␤, which stimulates ECM deposition and directs branching to either side of the built-up ECM (37, 103) . This process is facilitated by TGF-␤-mediated inhibition of MMPs. In support of this hypothesis, TGF-␤1 and TGF-␤3 inhibit expression of MMP1 and upregulate expression of TIMP1 in fibroblasts (62) . However, TGF-␤ family members do not regulate MMP2, which is highly upregulated during lung development. This relationship points to other, as yet unexplored, and complex interactions between MMP-ECM and growth factors.
Another model for branching morphogenesis suggests that low tissue PO 2 could inhibit MMP degradation of tenascin C (TN-C), allowing for deposition of this important ECM component. In support of this model, low tissue PO 2 (3%) increases branching in lung, increases expression of TN-C, and also decreases activity of MMP2 (but not its mRNA synthesis), possibly through decreased availability of ROS (79) . Inhibition of MMPs with GM6001 results in decreased deposition of TN-C (79), confirming the role of MMPs in lung branching in explants. Potentially, TGF-␤ inhibition of MMPs may promote TN-C deposition, by working in concert with low PO 2 to promote branching, since TN-C stimulates cell proliferation in human lung fibroblasts, and this response is amplified in the presence of TGF-␤ (236) .
MMPs are shown to stimulate cellular migration, which is another plausible mechanism for their role in branching morphogenesis. MMP14 is expressed in lung tissue early in embryogenesis. MMP14 null embryos after embryonic day 16.5 have a subtle defect in peripheral bronchiolization. However, the role of MMP14 in branching is minimal and redundant (193) . Interestingly, lung endothelial cells from the MMP14 null mice show reduced migration (193) , possibly due to altered processing of laminin ␥2-chain. MMP14 and MMP2 cleavage of laminin ␥2-chain generates chemotactic fragments containing EGF-like motifs that are present in tissues undergoing remodeling (80) and can attract epithelial cells (128) . This process suggests another mechanism for MMP14's role in the developing lung. MMP-mediated release of cryptic, bioactive fragments and neoepitopes from ECM macromolecules is detailed in a recent review (181) .
B. Angiogenesis
The canalicular stage is characterized by extensive angiogenesis and the linking of bronchiolar structures with their capillary interface. In humans this stage occurs from 16 to 24 wk and in mice from embryonic days 16.5 to 17.5. In the human lung, MMP1 and MMP9 are detected throughout all stages. The role of MMPs in angiogenesis is nicely addressed in a recent review by Brauer (28) , and a comprehensive review on the role of MMPs in intimal thickening was recently published by Newby (188); thus we will only provide highlights relating to lung development.
Fourteen of the 25 vertebrate MMPs are expressed in vascular smooth muscle cells and endothelial cells, indicating the importance of MMPs in vascular biology (188) . During angiogenesis, fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF), and their receptors are important for proper formation of blood vessels; these bioactive molecules can be released from ECM by MMP cleavage (28) . Conversely, FGFs and VEGFs can increase expression of MMPs (5, 134) . Mice lacking MMP9 have delayed angiogenesis that is likely corrected through compensation by other MMPs, resulting in normal adult mice (286) . The dysregulation of angiogenesis is hypothesized to be lack of a critical growth factor in the absence of MMP9. Alternatively, MMP activity can abrogate angiogenesis. Degradation of several ECM components, including plasminogen, thrombospondin, and collagens IV, XV, and XVIII, can generate fragments that are inhibitors of angiogenesis, through MMP-dependent mechanisms, giving MMPs regulatory power over angiogenesis (217) .
C. Alveolarization
The final stage, alveolarization, is long lasting (from 36 wk to 3 yr of age in humans) and is characterized by alveolar development and maturation of the capillary network. In mice this stage lasts from postnatal day 5 to day 30 and peaks at day 14 (229) . This process requires coordination of ECM remodeling with epithelial morphogene-sis and capillary growth. MMP14 (MT1-MMP) is required for alveolarization, because mice lacking this enzyme have decreased alveolar surface area and enlarged airspaces, attributes which could be caused by failure of capillary network formation and defective distal airspace branching (193) .
However, the bronchioles of these mice branch properly, although defects in alveoli are apparent from the late saccular stage (8, 193) . This led to the hypothesis that the abnormal alveolization results from problems with saccular development and septation (193) . Interestingly, these are exactly the same stages impacted by altering TGF-␤ and angiogenesis (163) . In addition, treatment with doxicycline, which had MMP inhibitory activity, during postnatal alveolar development (day 4 to day 13) in rats results in enlarged alveolar spaces compared with control rats (107) , confirming the role of MMPs in alveolar development.
V. RESURGENCE OF MATRIX METALLOPROTEINASES IN LUNG DISEASES: ACUTE AND CHRONIC
In animal models of inflammatory lung diseases, the association between the onset of inflammation and the acute upregulation of MMPs is well established. For example, in models of acute allergic lung disease, MMP upregulation occurs within the lung parenchyma, and in the alveolar fluid, and is required for resolution of lung inflammation (48, 49, 318) . However, in cases of chronic inflammatory lung diseases, the role of MMPs remains to be determined. Although very few animal models have been developed that mimic the chronic inflammation observed in human disease, transgenic models of MMP overexpression have provided evidence that chronic elevation of these enzymes in the lung can cause tissue destruction similar to human emphysema (56) . Constitutive expression of human MMP1, driven by a haptoglobin promoter, causes disrupted alveolar wall formation in mice, indicating that the imbalance of this collagenase, which has no known elastin degrading properties and limited expression in human lung, can destroy normal murine lung architecture (56) .
In a mouse model of hyperoxia-induced lung disease, direct O 2 toxicity can result in alveolar type I cell injury and death. Lung damage is mediated by the synthesis and release of MMP9 and MMP12 by neutrophils and alveolar macrophages. Overexpression of STAT3C in alveolar epithelial cells results in increased survival, decreased capillary leakage, and suppressed neutrophil infiltration. These deleterious effects were prevented through STAT3C-mediated inhibition of MMP9 and MMP12 (146) .
Other indirect evidence for the role of chronic exposure to MMPs in structural lung damage comes from transgenic overexpression models of IFN-␥, the canonical Th1 cytokine, and IL-13, a key Th2 cytokine. Inducible and targeted expression of IFN-␥ in the lung results in increased alveolar space, lung volume, and pulmonary compliance and is associated with excessive expression of MMP12 and MMP9 (244, 291) . The role of IFN-␥ in modulation of MMPs in vivo is most likely an indirect one, because prior studies show that IFN-␥ downregulates MMPs but CXCL10 (IFN-inducible protein of 10 kDa, IP10) upregulated MMP12 in alveolar macrophages (87, 108) . Similarly, inducible and targeted expression of IL-13 in mice is associated with increased MMP2, MMP9, and MMP12 expression in the lung, and these mice also develop alveolar and lung enlargement, compliance variations, and respiratory failure, ultimately leading to death, which is prevented when they are crossed with MMP9-or MMP12-deficient mice. This result strongly suggests that the alveolar damage is mediated by MMPs (135) .
MMP12 null mice exposed to long-term cigarette smoke fail to recruit macrophages into their lung and do not develop emphysema compared with wild-type littermates (102) . These findings are one of the most definitive studies to show that chronic exposure to cigarette smoke induces MMP12 expression in macrophages, which is required for the development of emphysema in mice.
MMP7, an epithelial specific MMP, is constitutively expressed at low levels in the airway epithelia, but its expression is upregulated under a variety of pathological conditions in the lung (60, 211) . Short exposure of lung epithelial cells to Pseudomonas aeruginosa or its flagellin results in a strong upregulation of MMP7 that is essential in eradicating this organism, because mice deficient in MMP7 fail to clear the pathogen efficiently (302) . However, under chronic conditions, the resurgence of MMP7 may create a more ominous effect. For instance, in cystic fibrosis, MMP7 expression is increased in airway epithelial cells and induced in alveolar type II cells (60) . Furthermore, osteopontin, an ECM molecule that distinguishes fibrotic from normal lungs in microarray analysis, upregulates MMP7 expression in lung epithelial cells and may exert a profibrotic effect in idiopathic pulmonary fibrosis (208) . These results highlight the potentially different roles of MMPs from acute to chronic conditions. Pulmonary fibrosis is a chronic condition that results in loss of elastic recoil of the lung. Although evidence for the role of MMPs in the pathogenic processes associated with pulmonary fibrosis and injury to basement membranes is indirect, nonetheless a few studies highlight the potential function of MMPs in this condition. For example, MMP9 expression is increased in the lung in response to intratracheal instillation of bleomycin; however, initiation or evolution of the inflammatory and fibrotic changes that occur are independent of MMP9, because MMP9 null mice have inflammatory cell infiltration and fibrosis equivalent to wild type (19) . In addition, MMP9 null mice have disrupted bronchiolization after bleomycin-induced injury, suggesting that MMP9 may be important for repair and may play a more serious role in the long-term recovery from lung injury (19) . In addition, in the chronic phase of bleomycin-induced pulmonary fibrosis, attenuation of MMP2 and MMP9 expression and activity in macrophages from mice lacking the C-C chemokine receptor 2 (CCR2Ϫ/Ϫ) is accompanied by reduced lung remodeling and hydroxyproline content of lung tissues (198) , suggesting a role for MCP1 and macrophage infiltration in fibrotic disease.
Another instance of MMP resurgence in chronic inflammation is via CD147. As we discussed earlier in section IV, CD147 is present in the lung during development, but its expression drops to low levels in normal adult lung (39) . CD147 has been shown to increase the expression of MMP1, MMP2, MMP3, MMP9, and MMP14 in the lung either directly or through stimulation of the cells adjacent to the tumor mass (90, 264, 265) . Not surprisingly, early increases of CD147 have been found in several models of lung damage, such as ventilator-associated acute lung injury (74) , LPS (7), and bleomycin-induced lung injury (20) .
VI. MATRIX METALLOPROTEINASES: REDUNDANT VERSUS COMPENSATORY MECHANISM OF ACTION
The concept that MMPs are redundant in action originates from two lines of evidence. First, researchers have found enormous substrate overlap from in vitro cleavage assays, and the classification of MMPs based on their biochemical similarities suggests functional redundancy.
Additional evidence for redundant behavior of MMPs comes from the observation that, in mice, single null mutations of MMPs do not generally result in embryonic lethality (8, 112, 252) . With the notable exceptions of MMP14 knockout mice, which die by 3 wk of age from unknown cause with severe skeletal abnormalities and lung defects (193) , and MMP2 knockout mice, which have less-severe nonlethal bone and alveolar defects (122), mice lacking other MMPs appear fairly normal, suggesting that there is compensation from other MMPs. Indeed, MMP9 null mice have transient developmental problems with angiogenesis at the growth plate, but the defect is reversed by ϳ3 wk of age resulting in normal adult mice (286) . It is unclear which MMP may be providing the compensatory action.
Despite the superficial appearance of redundancy, the differential tissue distribution of these enzymes suggests that they have distinct and nonoverlapping functions in vivo (3, 48, 122, 165) . Even more importantly, the apparent compensatory and/or redundant action by other members of the MMP family during normal conditions falls apart when the same null mutations are tested under pathological conditions (48, 49, 144, 166, 170, 302) .
Several disease models support the hypothesis that MMPs do not have redundant functions, at least in immune response. First, in an asthma model (Fig. 3) , decreased BAL inflammatory cells are observed in MMP2 Ϫ/Ϫ mice; however, the decrease is entirely accounted for by fewer eosinophils (48) . Thus observed decreases in neutrophil and eosinophil counts in the BAL of mice deficient in MMP9 reveal similar but nonoverlapping specificity of MMP9 and MMP2 (48) .   FIG. 3 . Role of MMPs in adaptive immunity. In response to inhaled allergens, Th2 inflammatory cells home to the lung and initiate allergic lung disease that can manifest in many pathological features such as accumulation of eosiniphils, basophils, and neutrophils; increases in mucus production; goblet cell metaplasia; and narrowing of the airways. Increases in concentration of interleukin (IL)-4 and IL-13, the canonical Th2 cytokines, also orchestrate upregulation of MMPs in the lung mesenchymal cells (MMP2, MMP3), hematopoietic cells (MMP9, MMP12), and epithelial cells (MMP7). In experimental models where MMPs are inhibited or in mice deficient in MMP2, MMP9, or MMP2/MMP9 there is an accumulation of inflammatory cells in the lung parenchyma and that predisposes mice to death from asphyxiation (see Refs. 48, 49, 88, 170, 186) . MMP2 and MMP9 also play nonredundant roles in the pathogenesis of obliterative airway disease (OAD), a known complication of chronic lung allograft rejection. In the murine model of OAD, MMP2 and MMP9 are upregulated, and researchers find a significant survival advantage for MMP9 null, but not MMP2 null mice. The mechanism for this protection is related to the enhanced T-cell alloreactivity and dendritic cell stimulatory capacity in MMP9 null mice (68) . Thus inhibition of MMP9, but not MMP2, may represent a target for the therapeutic intervention of chronic lung allograft rejection.
VII. MATRIX METALLOPROTEINASES IN INNATE AND ADAPTIVE IMMUNE FUNCTION

A. Evidence for Host Defense
MMPs are now being recognized as one of the critical mediators for host defense. In recent years, mammalian defensins have been shown to function as effectors of antimicrobial innate immunity. Defensins are small peptides expressed in the leukocytes, mucosal surfaces, and epithelia as prepropeptides (241) from the Paneth cells and require activation by a convertase. In the case of murine ␣-defensin, the convertase is MMP7, an epithelialspecific MMP (301, 302) . Mice deficient in MMP7 die more rapidly when exposed to gram-negative bacterial pathogens, and the mechanism for this increased susceptibility is lack of the active form of ␣-defensin in the gut (302) .
Whether other members of the MMP family act as convertases for other defensins is not known, but based on emerging evidence from animal models of bacterial infection, MMP7 is strongly upregulated as part of mucosal immunity in response to infection (153, 213) . Studies in mice have shown that MMP2 and MMP9 are upregulated in response to MTb infection and may be critical in clearance of this organism in the lung (65, 227) . Mice infected with MTb and treated with a BB-94, a general inhibitor of MMPs, develop an aberrant Th2 immune response and also develop increased IL-4. This treatment resulted in rapid progression of the disease (105) .
Other evidence for the role of MMPs in lung innate immune system originates from the report that pulmonary surfactant proteins regulate the expression of several MMPs in alveolar macrophages. Lung surfactant, which is primarily composed of 90% lipids and 10% proteins, coats the distal airspaces to reduce the alveolar surface tension, a process that is essential in prevention of atelectasis, and in host defense against environmental pathogens (92) . Of the four surfactant-associated proteins that have been cloned in mammals, two with hydrophilic properties, surfactant protein (SP)-A and SP-D, play critical roles in innate host defense and adaptive immunity (156, 306) . rophages and stimulating the production of more MMPs, which could result in formation of bioactive proteins (Fig. 4) .
SP-D and SP-A, when not associated with lipids, can bind bacteria, fungi, and viral particles that enhance opsonization of the microorganisms (306) . Lung surfactant levels decrease during acute pulmonary inflammation due to degradation by inflammatory cells, including neutrophils and macrophages (157) . Additionally, SP-A and SP-D are putative in vivo substrates for MMP2 and MMP9, but whether the cleaved products of these proteins could alter the antimicrobial function of the surfactant proteins is unknown (83a). Although these findings are quite intriguing, the validity and/or functional significance of these observations has not been explored in vivo.
SP-D-induced upregulation of MMPs in vitro appears to be in sharp contrast to multiple reports that indicate the absence of SP-D in mice results in accumulation of activated macrophages and proinflammatory enzymes including MMP2, MMP9, and MMP12 in the lung (194, 296) . The phenotype of SP-D null (SP-D Ϫ/Ϫ) mice is quite complex, but these mice show marked inflammation and histological changes in the lung that have similarities with human emphysema (296) . However, it is not clear if the absence of SP-D results in inefficient turnover of surfactant proteins or increases susceptibility to infection, which could contribute to the inflammatory changes seen in the lung of SP-D Ϫ/Ϫ mice. Consistent with this possibility, SP-D Ϫ/Ϫ mice fare worse during bacterial infection due to decreased cell-surface expression of CD14, a pattern recognition receptor present on many innate immune cells (242) . Macrophages without CD14 presumably are unable to form the complex receptor (with TLR4 and MD-2) that mediates the cellular responses to pathogens. However, soluble CD14 increases in BAL, likely through increased shedding by MMP9 and MMP12. Because alveolar macrophages from SP-D null mice have increased MMP production and also have 10-fold higher H 2 O 2 production, it is possible that SP-D regulates MMPs by acting as an antioxidant in macrophages. In support of this hypothesis, treating SP-D Ϫ/Ϫ mice with antioxidants inhibits MMP production (296, 313) . Finally, a balance between SP-D and MMPs expression is critical in host defense, since overexpression of SP-D in an immunocompromised mouse infected with Pneumocystis resulted in a worse outcome when compared with wild-type mice (287) .
Another pulmonary surfactant family member, SP-C, has also been found to play a role in immunity. SP-C Ϫ/Ϫ mice have alveolar defects that predispose them to pulmonary fibrosis and pneumonitis through increased macrophage infiltration and MMP2 and MMP9 production (82) . When SP-C Ϫ/Ϫ mice are subjected to bleomycininduced lung injury, they show increased mortality, increased neutrophil influx, and significantly delayed tissue repair compared with wild-type mice, suggesting that SP-C plays a major role in leukocyte trafficking and lung remodeling (139) .
Microbial proteinase activation of MMPs may be an essential part of the immune response for elimination of bacterial infections in vivo (see Table 2 in Ref. 213 for summary). Some bacterial exopeptidases have been shown to activate zymogens of MMPs through proteolytic processing of their autoinhibitory domains and by formation of ROS/RNS (activation of MMPs by ROS is discussed in section IIIB1). Thus proper expression/activation of MMPs may be of potential therapeutic value for various infections and inflammatory lung diseases (197) .
MMP2 and MMP9 are also implicated in host defense against Angiostrongylus cantonensis, a parasitic worm infestation that causes granulomatous fibrosis reactions in the lung (109) . Gelatin zymography revealed that the active forms of MMP2 and MMP9 during granulomatous fibrosis are significantly higher than at other times during a 90-day infestation in rats (109) . It remains unclear whether the presence of these gelatinases is critical to the confinement of the worm infestation, which would provide a mechanism for natural defense against the infection.
A more clear-cut role for MMPs in resistance against gram-negative pathogens was recently shown using single deletion of MMPs or their inhibitor TIMP1 in mice. TIMP1 null mice showed increased resistance to Pseudomonas aeruginosa infection in both cornea and lung, suggesting that activity of certain MMPs makes mice more susceptible to these infections. To identify which MMP is responsible for the increased resistance, researchers created double null mice by crossing TIMP1 null mice with mice deficient in MMPs known to be inhibited by TIMP1 in vivo, including MMP2, MMP3, MMP7, MMP9, and MMP12. MMP9/TIMP1 double null mice completely lose their resistance to infection, and MMP3/TIMP1 and MMP7/TIMP1 mice have decreased resistance, while MMP2 and MMP12 do not play a role (140) . Although these studies did not directly examine the mechanism involved in the protective effect of MMPs in infection with Pseudomonas, other studies have shown that shedding of syndecan1 from airway epithelial cells, which is dependent on cleavage by MMP7, is critical for defense against this organism (169, 210) .
B. MMPs as Acute Inflammatory Mediators
In addition to their complex roles in innate immunity, MMPs are being implicated in adaptive immunity as well. For example, using a mouse model of asthma, recruitment of allergic inflammatory cells and AHR is independent of MMP9 and MMP2 (Fig. 5) . However, pathological examination of lungs in the same mice indicates that, relative to wild-type mice, lack of MMP9 or MMP9 and MMP2 increases inflammatory cells in lung parenchyma (48) . Differential cell counts of the BAL cells reveal a significant reduction in total number of eosinophils and neutrophils in the alveolar lining fluid of MMP9 null and MMP2/MMP9 double null mice. Thus several features of the asthma phenotype are preserved in the absence of MMP2 and MMP9, but lack of either or both enzymes disrupts trafficking of inflammatory cells into the airway, and the excess inflammatory cells that accumulate abnormally around bronchovascular bundles in the lung parenchyma produce IL-4 and IL-13 (48) .
In a mouse model of acute, bleomycin-induced lung injury, neutrophils accumulate in the interstitium of the lung in MMP7 null, but not wild-type mice (145) . The mechanism for the lack of neutrophil migration is aberrant shedding of syndecan-1 that binds KC, the mouse homolog of human chemokine gro-␣ (CXCL-1). Thus MMP7-mediated shedding of syndecan-1/KC complexes from the airway epithelium facilitates neutrophil migration to sites of injury (145) . MMP8 and MMP12 also play a role in leukocyte trafficking and survival. Tracheal instillation of MMP-12 results in a transient increase in Th1 chemokines and cytokines such as IL-6, TNF-␣, macrophage inflammatory protein-1␣ (MIP-1␣), monocyte chemoattractant protein (MCP-1), and KC. This treatment also results in acute recruitment of neutrophils and macrophages to the lung, as determined by cell counts in BAL fluid (186) . One explanation is that MMP12 releases bioactive peptides through degradation of the ECM protein components.
In response to allergen challenge, MMP8 Ϫ/Ϫ mice develop airway inflammation characterized by an increased neutrophilic and eosinophilic infiltration in the lung, indicating that MMP8 is not critical for development of asthma (88) . Similar to the findings in MMP2 and MMP9 null mice, MMP8 deficiency in a mouse model of asthma is also associated with increased levels of IL-4 and antiovalbumin IgE and IgG1. But, unlike the finding in MMP2 and MMP9 null mice, inflammatory cell apoptosis decreases in the lungs from MMP8 Ϫ/Ϫ mice (88) . However, the mechanism of MMP8-mediated inflammatory cell survival is unclear. These findings demonstrate the impor-FIG. 6 . Effect of MMP deletion in lung development and in animal models of lung diseases. In MMP14 and a small subset of MMP2 null mice (back-crossed to C57BL/6), developmental lung defects (Ϫ; disadvantageous) have been reported (8, 112, 122, 193) . Gene deletion in all other MMPs (0; no effect) has not been shown to result in abnormal lung development. Absence of MMP3 (144), MMP9 (68) , and MMP12 (186) has been shown to be advantageous (ϩ; beneficial) in a mouse model of acute lung injury. Whereas others have shown that absence of MMP7 (302), MMP8 (203) , and MMP9 (19) is disadvantageous in a mouse model of acute lung injury (Ϫ). In the absence of MMP2 (49), MMP8 (88) , and MMP9 (48, 170) , mice develop exaggerated allergic inflammation in an acute model of asthma that is consistent with a disadvantage (Ϫ); however, inhibition of MMP9 showed a beneficial (ϩ) effect in other studies (68) . In the absence of MMP9 and MMP12, there was a consistent beneficial (ϩ) effect in a mouse model of smoking-related lung disease. Blank area indicates that mice deficient in the MMPs have not been tested or the results of the studies have not been published to date. tance of MMPs in inflammatory cell function and highlight the lack of information regarding their mechanism of action (Fig. 6 ).
VIII. PROTEOLYTIC EFFECTOR FUNCTION: MECHANISM OF ACTION IN INFLAMMATION
Several physiological substrates for MMPs have been described using a variety of screening methods. Many of these substrates are chemokines or their receptors (Table  1) . For instance, the MMP2 COOH-terminal domain used as bait in a yeast two-hybrid screen identified MCP-3 as an MMP2 substrate (171, 172) . Furthermore, using oriented peptide libraries to identify potential MMP cleavage sites, researchers have identified several integrins and proteoglycans as MMP substrates (279) .
Using a novel functional proteomics approach, we identified several proteins in the BAL fluid that are cleaved by MMP2 and MMP9 and are essential for regulating inflammatory pathways in experimental asthma, including S100A8, S100A9, and Ym1. These proteins all have chemotactic properties and are upregulated in allergic lung inflammation. In addition, using function-blocking antibodies to S100A8 and S100A9, inflammatory cell egression into the alveolar space is reduced, pointing to the importance of these proteins in resolution of allergic inflammation (83a). Searching for other in vivo substrates for MMPs that function as bioactive molecules can aid in detection of new biochemical pathways that regulate allergic lung disease and provide novel insight into the function of proteinases in allergic lung disease (Fig. 5) .
Generation and inactivation of bioactive molecules by MMPs during lung inflammation could alter cellular function and impact lung function. For instance, MMPs can cleave many serine class proteinases, such as plasminogen and u-PA that are potent mitogenic factors for lung fibroblasts (31) . Similarly, MMP2, MMP7, MMP9, and MMP12 can cleave ␣ 1 -proteinase inhibitor, the major endogenous serine class proteinase inhibitor and the first gene whose lack of function has been implicated in smoke-induced COPD and emphysema (148, 243) . MMP cleavage inactivates the ␣ 1 -proteinase inhibitor and also generates a new biologically active fragment that is a powerful neutrophil chemoattractant factor (12) . Since ␣1-proteinase inhibitor is a potent endogenous inhibitor of neutrophil elastase, its degradation by MMP9 and MMP12 may indirectly activate neutrophil elastase, resulting in elastin degradation common in smoke-induced emphysema (15, 115) . Thus interfering with inhibitory molecules may be a plausible mechanism by which the prominent presence of MMP9 may participate in tissue remodeling.
MMP7 is highly expressed in lungs of patients with pulmonary fibrosis and mediates shedding of E-cadherin ectodomain from bleomycin-injured lung epithelium, a process that was shown to be critical for epithelial repair (168). Most recently, researchers have identified a peptide fragment containing the neutrophil chemoattractant motif N-acetyl Pro-Gly-Pro (PGP). The PGP peptide is released from ECM presumably by cleavage from MMP1 or MMP9. This peptide resembles the chemokine IL-8 and activates its receptor CXCR2, prolonging the influx of neutrophils to the lung (292) . MMP2 is upregulated during exposure to air pollution. Also, during this exposure, mRNA of endothelin-1 (ET-1) increases (272) . ET-1 is a known substrate for MMP2, where its cleavage results in ET , a vasodilator (69, 70) . However, in this case the authors found no increase in ET-1 and hypothesize that MMP2 may cleave ET-1 to another form (ET-1 1-32 ), which is a potent vasoconstrictor (272) . These data suggest that MMP2 could be responsible for cardiovascular changes in response to inhaled pollution. Furthermore, it is interesting to speculate how variable cleaving of one protein may be regulated.
IX. HUMAN GENETIC VARIATION OF MATRIX METALLOPROTEINASES
Genetic models of MMP deficiency in mice, with the exception of MMP2 and MMP14, result in little phenotypic morphology or shorter life span (8, 122) . Although a systematic study of natural occurrence of all of the MMP mutations in humans has not been performed, few genetic studies have pointed to the role of several MMPs in human diseases.
A. MMP Deficiency
The most deeply investigated type of MMP deficiency in humans is that of MMP2, where a homozygous recessive mutation in MMP2 allele results in no MMP2 production and severe bone deformations. There are two disorders that have been associated with this genotype. The first identified three families in Saudi Arabia of which many members have a disorder referred to as NodulosisArthropathy-Osteolysis syndrome, or multicentric osteolysis (162) . The afflicted family members have no detectable MMP2, resulting from a missense mutation in the MMP2 allele (162) . Recently, another osteolytic disorder, Winchester syndrome, is also linked to a homozygous recessive mutation in the MMP2 active site found in a patient in Southern Italy who has generalized osteoporosis and severe osteolytic changes, including brachydactyly of the hands and feet (315) . It has also been hypothesized that Torg syndrome, a less severe osteolytic disease, may also be related to MMP2 mutations; however, this has not been tested.
Other MMP deficiencies that have been implicated in human disease include MMP13 deficiency resulting from a homozygous dominant mutation that is the underlying cause of Missouri-type spondyloepimetaphyseal dysplasia (SEMD) that was identified in a large kindred in Missouri, United States (214) . This mutation in MMP13 results in production of enzyme that is either degraded intracellularly or is of low molecular weight and proteolytically inactive (118) . MMP20 deficiency from homozygous recessive mutation in the zinc catalytic site renders the enzyme inactive and results in hypomaturation amelogenesis imperfecta (205) . The Italian patient with MMP2 mutation also had discolored and easily chipped teeth, possibly due to altered MMP20 (315) . The only apparent disturbances in these patients was with bone structures; however, it would be interesting to know of their immune system function or the presence of any lung dysfunction.
B. MMP Polymorphisms
Several MMP alleles found in human population have functional polymorphisms, including MMP1, MMP3, MMP8, MMP9, and MMP12. For MMP3, researchers have identified variation in the promoter region (having either 5A or 6A) that alters expression of MMP3 protein (312) . Relative to heterozygotes, individuals homozygous for 5A have increased MMP3 gene expression and individuals homozygous for 6A have decreased gene expression (174) . The 6A genotype has been correlated with increased risk for coronary disease and progression of atherosclerosis (312), oral submucosal fibrosis (277) , and celiac disease in men (179) . For MMP8, an association between a minor allele haplotype and preterm premature rupture of membranes has been identified (289) .
Several MMP polymorphisms have been identified in lung-related disease susceptibility. In asthma, a polymorphism in TIMP1 is associated with asthma in women, but not in men (154) . Possession of at least one copy of the Ϫ1607GG allele (1 of 5 polymorphisms identified) for MMP1 correlates with rapid decline of lung function regardless of smoking history, age, or sex (116) . Having the Ϫ1607GG allele in combination with a copy of MMP12 that contains a certain substitution also correlates highly with declining lung function (116) . Of the numerous polymorphisms known for MMP9, the C to T mutation at position Ϫ1562 appears to be most important. Despite its prevalence in asthma, MMP9 polymorphisms, including the functional polymorphism C-1562T, have not been found to correlate with presence of the disease (106, 154) . Initial research found no relationship between MMP9 polymorphisms and decline of lung function, but more recent studies have found that this mutation appears more frequently among smokers with COPD compared with healthy smokers (319); however, the functional significance of this remains unclear. Development of COPD diagnosed by lung function is not associated with the C-1562T polymorphism. However, the presence of the T allele correlates with developing upper lung dominant emphysema in patients who were diagnosed with COPD (114).
X. MATRIX METALLOPROTEINASES IN HUMAN INFLAMMATORY LUNG DISEASES
As we have discussed above, MMPs are important effectors of both innate and adaptive immunity and have been extensively studied in animal models of human lung diseases. Because MMPs are critical for lung development and tissue repair processes, it is not surprising that over the past decade a large effort has been devoted to determining their role in various inflammatory disease of the lung. The use of genetic approaches has increased our understanding of the contribution of MMPs in animal models of disease; however, much less is known about how MMPs may behave in the pathogenesis of human lung disease. Due to the complexity of human lung inflammatory conditions, the fact that most human studies are performed on lung diseases in different stages of their progression, and the heterogeneous nature of the human population, a clear role for the MMPs in the pathogenesis of lung diseases is difficult to conclude. Nonetheless, the resurgence of MMPs in the lung during inflammation has made their manipulation an appealing therapeutic strategy. Below, we review major classes of human inflammatory lung diseases and the part that MMPs are known to play.
A. Bronchopulmonary Dysplasia and Chronic Lung Disease of Prematurity
Infants born prematurely (before 36 wk gestation) lack adequate concentration of surfactant (discussed in sect. VII) in their distal airspace and have immature alveoli; this condition is referred to as hyaline membrane disease and puts infants at risk for later development of bronchopulmonary dysplasia (BPD). The development of BPD can be divided into four stages: acute (2-4 days), regenerative (4 -8 days), transitional (8 -16 days) , and chronic (Ͼ16 days) (8) . A hallmark of this lung injury is reepithelialization of denuded alveoli followed by the increased presence of fibroblasts and major areas of fibrosis. The cause of BPD is thought to be both the hyaline membrane disease and possible lung injury related to prolonged treatment with oxygen and mechanical ventilation (55) .
One study found that increased amounts of MMP2 and a higher ratio of MMP9 to TIMP1 during the first 3 days of life correlates with poor outcome that was measured by increased dependency and the use of mechanical ventilation in infants with BPD. However, the infants who developed chronic lung disease (CLD) were born significantly earlier than those who did not. Thus the increase in airway MMPs may present an association rather than the cause in this case (63) . Another study found that among preterm infants, amount of MMP2 at birth successfully predicted the outcome of BPD; however, this was confounded by the finding that birth weight was significantly correlated with amount of MMP2, again suggesting that the biggest factor in whether an infant develops BPD or CLD is the stage of development at birth (55) .
Perhaps premature infants have a higher concentration of MMP2 (Fig. 5) , and lower surfactant concentrations, which results in a lack of adequate protection from the oxidative damage that occurs from high oxygen treatment and higher alveolar pressures induced by mechanical ventilation. In the same study, serial BAL sampling on days 3 and 5 from infants on mechanical ventilation showed a negative correlation between MMP9 activation and TIMP1 concentration and development of BPD (55) . By day 5, infants with BPD had a higher amount of TIMP1 compared with those without BPD, suggesting that the shift from acute to regenerative stage is altered in the more premature infants. A study of the pathology of BPD using immunohistochemical detection of MMPs and TIMP from lung sections of preterm infants in various stages of BPD found changes in the concentration of TIMP1 from acute to chronic stages, which was mostly associated with the occurrence of fibroblasts (59) . The interactions between the surfactant proteins and MMPs and TIMPs in the alveolar space most likely play an important role in the lung maturation process, but more information is needed to identify the exact nature of these interactions in infants (273) .
B. Interstitial Lung Disease and Idiopathic Pulmonary Fibrosis
Idiopathic pulmonary fibrosis (IPF), one of the most common forms of interstitial lung diseases, is a progressive fibrotic lung condition of unknown etiology (22) . The diagnosis of IPF is made by surgical lung biopsy, and the histopathological features include the presence of patchy inflammatory cells, foci of proliferating fibroblasts and myofibroblasts, and collagen deposition (238, 123) . Development of IPF has been linked to mutations in the SP-C gene in humans. The SP-C profile in patients with the mutation shows aberrant migration of pro-SP-C on SDS gels to a lower molecular weight than in normal patients and also shows decreased processing to mature SP-C (191, 192) . Interestingly, in an effort to identify a genetic fingerprint of this disease, microarray analysis of the lung samples obtained from patients with IPF showed not only upregulation of ECM genes including collagens and tenascin N, but increases in proteinase expression including two members of ADAMTS family, MMP1 and MMP7 (240, 322) . These findings highlight the complex interaction of the ECM and proteinases in IPF, but the significance of increased proteinases in this fibrotic lung disease is not known.
One aspect of IPF that correlates with rapid progression of fibrosis is the presence of a large number of fibrotic foci, which results in enhanced ECM (123) . TGF-␤ plays a key role in stimulation of fibroblast proliferation and has been implicated in progression of IPF (299) . In addition, TGF-␤ stimulation increases MMP2, but not MMP9 activity in a dose-dependent manner in A549 cells treated for 48 h, suggesting that fibrosis is due to an aberration in the remodeling process (117) . Recent work suggests that patients with IPF may be predisposed to developing the disease due to an imbalance between chemokine/chemokine receptors, as they found increased CCR4 expression on CD4-positive T lymphocytes in BAL from patients with IPF (219). CCR4 is the receptor for CCL17 (TARC), which is also found in more patients with IPF compared with either non IPF-diseased or normal subjects. One possibility is that the MMPs that normally regulate these chemokines through cleavage are not functioning properly. In support of this, fibrosis resulting from systemic sclerosis may be due to development of function-blocking antibodies to MMP1 and MMP3, allowing deposition of ECM (190) .
C. Asthma
Asthma and related atopic syndromes have emerged as major public health concerns, and studies from around the world suggest that the incidence and prevalence of asthma began to rise more than two decades ago with no signs that these disturbing trends may be reversing (120) . Asthma is characterized by episodic dyspnea, lung inflammation, and in some patients, progressive irreversible airway dysfunction (16) . Clinically, patients with asthma display AHR in response to methacholine and can become short of breath or develop asphyxia during an acute exacerbation of their disease. Histological hallmarks of asthma include homing of Th2 inflammatory cells into the lung parenchyma, eosinophilia, and increased mucus metaplasia (47) . Expression of several MMPs has been associated with asthma; increases in MMP1, MMP2, MMP3, MMP8, and MMP9 have all been found in sputum and BAL from patients with asthma (58) . In a special subset of patients with severe asthma, there is a greater increase in MMP9 activity in BAL relative to that from patients with mild asthma or control patients. Wenzel et al. (293) found an increase in MMP9 activity in the subepithelial basement membrane that is accompanied by higher TGF-␤. These studies suggest that in patients with severe asthma, neutrophils play a key role in lung remodeling because they express both MMP9 and TGF-␤, which are involved in breakdown and repair of tissue, respectively.
In addition to the MMP9-mediated action of neutrophils, data from human disease support the hypothesis that MMP9 plays a role in clearing eosinophils from lung after inflammation. In asthma, MMP9 is expressed in bronchial epithelium and submucosa, where its abundance correlates with tissue eosinophil number (96) . MMP9 is also produced by eosinophils, macrophages, and neutrophils (35, 196) . In sputum, concentration of MMP9 is positively correlated with neutrophil number (26) and also with the cumulative macrophage, neutrophil, and eosinophil count (141) during asthma. In addition, the number of MMP positive cells inversely correlates with forced expiratory volume (FEV1); this association may indicate that under acute exacerbations, the influx of inflammatory cells interferes with normal gas exchange (26) .
BAL fluid from normal and asthmatic patients, when added to human airway smooth muscle cells in culture, increases cell count and thymidine incorporation indicating increased proliferation. However, BAL taken from asthmatic patients after allergen challenge increases the mitogenic indices even more than a normal patient's BAL (184) . This phenomenon could contribute to the airway remodeling observed in patients with chronic asthma; however, the pathway underlying the proliferation remains unclear. EGFR, TGF-␤, or platelet-derived growth factor are all candidates based on their presence in lung during disease and their relationship to various MMPs.
D. COPD and Emphysema
COPD, characterized by irreversible reduction of maximum expiratory flow, is currently the fourth leading cause of death in the United States (National Center for Health Statistics; http://www.cdc.gov/nchs/about.htm) and the fourth leading cause of death worldwide (http:// www.who.int/respiratory/copd/en/). Exposure to tobacco smoke accounts for the majority of clinically significant COPD. Classification of COPD based on lung function studies and symptoms identify four stages of the disease: mild, moderate, severe, and very severe (215) .
Elastin fibers form the mechanical stress-resistant structure of the lung by maintaining elasticity and recoil properties. It is not surprising then that destruction of these fibers can directly result in reduction of maximum airflow, one of the physiological hallmarks of this disease (14) . As discussed in section V, animal models of emphysema using purified papain or elastase support the hypothesis that elastic fiber repair is associated with formation of secondary inflammation that leads to secretory cell metaplasia comparable to chronic bronchitis (243, 254) .
Although destruction of elastin fibers is known to occur in patients with emphysema, few clinical studies have linked human COPD and emphysema to dysregulated expression of MMPs. In one such study alveolar lining fluid of subjects with COPD and emphysema show a higher concentration of MMP8 and MMP9 compared with nonsmoker, age-matched controls (73) . Furthermore, during the macrophage influx to lung, both the number of MMP12-expressing macrophages and the amount of MMP12 they express, as shown by immunohistochemistry and Western blotting, is higher in BAL samples from COPD patients than in control subjects. In addition, human lung tissue from COPD patients shows a larger number of macrophages expressing MMP12 than control subjects (87, 177) .
The most well-studied MMPs in human COPD and emphysema are MMP1, MMP8, MMP9, and MMP12, which have all been implicated in tissue destruction in human COPD and emphysema (177) . The lymphocytes present in emphysematous lungs have a strong Th1 bias, expressing higher levels of the CCR5 and CXCR3, and their ligands CXCL10 (IP-10) and CXCL9 (MIG). CXCL9 can upregulate expression of MMP12 in pulmonary macrophages (87) , providing a mechanism for chronic and progressive destruction of lung parenchyma that is seen in emphysema.
In addition to direct upregulation of MMP9 and MMP12 by cigarette smoke in human lung, MMPs can be upregulated indirectly through activation of CD147 that is a known inducer of MMPs (see sect. IV). BAL from current and former smokers compared with those who had never smoked show an increase in CD147 expression, although a positive correlation with emphysema was not established in these studies (20, 21) . Furthermore, using immunohistochemistry, CD147 expression is found in lung tissue from smokers, where it is localized to bronchiolar epithelium and alveolar macrophages (21) . While these studies point to the role of MMPs and some of the inducers of this family in tobacco-induced lung diseases, in general most human-based studies can only provide an association or lack thereof between MMPs and destructive lung diseases such as COPD and emphysema.
E. Cystic Fibrosis
Cystic fibrosis (CF) is a common, inheritable genetic disorder that results in malfunctioning of the chloride channels of many exocrine epithelial linings including the airway epithelia (77) . Failure of the chloride ion channel to function properly is thought to contribute to the morbidity and mortality observed in CF patients who suffer from chronic bacterial infections and inflammation. The exact mechanism or pathophysiology of progressive lung inflammation in patients with CF is not clear, but patients with CF have increased levels of MMP2, MMP8, and MMP9 in their BAL (232) . In a study of 23 children with CF, BAL fluid concentrations of MMP8 and MMP9 were higher in untreated children and lower in those who were treated with DNase (225) . In children with stable CF, there is a significant inverse relationship between MMP9 and lung function, as measured by FEV1. Furthermore, levels of MMP9 are higher in sputum of asymptomatic children with CF compared with controls, suggesting that MMP9 and total neutrophil count may be useful markers of airway injury and airflow obstruction in persons with CF (233) . As discussed in section VII, MMPs play a critical role in the host defense against pathogens in the lung. Patients with CF have chronic gram-negative organisms such as Pseudomonas in their distal airways and upregulated expression of MMP7 in the epithelium of upper airway and type II pneumocytes (60).
F. Bronchiolitis Obliterans
Survival of lung transplant recipients is limited by the development of bronchiolitis obliterans (BO), an irreversible condition that responds poorly to therapy and results in airway remodeling with obstructive and restrictive features (187) . In the past few years, the role of MMPs in BO-induced lung remodeling has been examined. In a study looking at the biological markers in the lungs of patients with lung transplant, despite a similar number of inflammatory cells, the BAL, but not serum, concentrations of MMP8, MMP9, and TIMP1 are significantly elevated in subjects with advanced BO (267) . Similar evidence from a pilot study comparing BAL from patients with and without BO identified a higher ratio of MMP9 to TIMP1 in patients with BO (111) . The source of MMP9 in these studies is shown to be neutrophils recruited into the lung as the result of inflammation; however, much like other clinical studies, it is unknown whether the presence of MMP9 results in the progression of BO. Consistent with the findings in the above-mentioned human studies, in murine heterotopic tracheal transplant model of BO, selective induction of MMP3, MMP9, MMP12, and TIMP1 was detected in tracheal allografts compared with isografts (40).
G. Pulmonary Alveolar Proteinosis
Pulmonary alveolar proteinosis (PAP) is a rare disease that is characterized by the presence of immature alveolar macrophages and an accumulation of surfactant in the lung (51) . This condition can occur as an autoimmune disorder in which autoantibodies to granulocyte macrophage colony stimulating factor (GM-CSF) can inhibit normal maturation and function of alveolar macrophages (23) . Patients with PAP have been shown to have chronic inflammation in the lung with elevated levels of monocyte chemotactic proteins (MCP-1, MCP-2, MCP-3, IL-8, IL-10, and M-CSF). However, despite increases in chemotactic mediators, there is no increase in the number of inflammatory cells in the BAL (25) or evidence of tissue remodeling and fibrosis (83, 221) . Interestingly, MMP2 and MMP9 mRNA and protein are increased in BAL from PAP patients (24) . MMP2 is shown to cleave CCR2 (the receptor for many MCPs), and binding of the cleaved form of this protein acts as an antagonist that prevents chemotaxis in vitro (173; see Table 1 ). Thus MMP processing of chemokines in addition to decreased receptor function could contribute to the lack of cellular migration to lungs. The mechanism for increased MMPs is unclear, but one hypothesis is that increased surfactant could be responsible. Alternatively, elevated M-CSF has been found to increase MMPs in cultured cells (24) .
XI. MATRIX METALLOPROTEINASES: TO INHIBIT OR NOT INHIBIT?
In the lung, one of the most important factors in recovering from disease or injury is clearing of inflammatory cells. Failure to do so can lead to tissue destruction and alveolar blockage. Researchers now must determine the transcriptional and translational regulation of the cytokines and chemokines necessary for proper functioning of the inflammatory pathway that ultimately leads to clearance of the recruited inflammatory cells from the lung. Because MMPs are increased in so many disease states and are correlated with tissue damage, inhibition of MMPs would seem an attractive therapy. However, before we can use MMP targets for therapy, we must know that they "unambiguously contribute to disease initiation or progression" (199) .
At present, researchers have knocked out at least 11 of the 25 MMPs in mice (213) . During pathological experimental conditions, some MMPs confer protective effects (Fig. 6 ). For example, MMP3 has a protective effect against cancer in mice (166). Yet, other MMPs contribute to worsening of the disease or injury (Fig. 6 ). Mice lacking MMP7 are protected from bleomycin-induced lung injury (322) and have decreased tumor incidence (300). In addition, a knockout mouse may fare better in one treatment and worse in another, further confounding the contribution of MMPs (213) . In an acute model of pulmonary embolism in rats, within an hour MMP-9 activity increases by 43%, but interestingly, despite known expression of MMP2 by endothelial cells that are affected by embolization, no significant increase is observed in MMP2 activity. Pretreatment of rats with doxicycline attenuated the physiological impairments seen in pulmonary embolism and blunted the increase in lung MMP9 activity (207) . This study exemplifies how pharmacological strategies targeting specific MMPs with selective inhibitors are necessary in treatment of disease.
A. Natural Inhibitors
MMPs have several naturally occurring inhibitors (213) . A general inhibitor that also inhibits MMPs, ␣2-macroglobulin, is an abundant plasma protein that irreversibly inhibits MMPs. Four TIMPs have been identified and characterized in mammals. Each TIMP inhibits specific MMPs, and the molar ratio of MMP to TIMP correlates significantly with disease outcome and/or severity in several model systems and human diseases. In addition, several other proteins, including reversion-inducing cysteine-rich protein with Kazal motifs (RECK; Ref. 195 (218) , and agrin (257) , have been shown to inhibit MMPs in vivo (199) .
B. Synthetic Inhibitors
Among synthetic inhibitors, there are broad-spectrum inhibitors and specific inhibitors. Broad-spectrum MMP inhibitors interfere with numerous MMPs and may have deleterious effects due to the multiplicity of the MMP system. In addition, their effects are not easy to predict, making them poor candidates for therapeutic use. For example, one general inhibitor, Batimastat, was used in mice during bleomycin-induced lung injury, where it had a protective effect and was thought to be a potential target for preventing pulmonary fibrosis (44) . However, when the same inhibitor was tested in a model of LPS infection, it had no effect on inflammatory cells and no change in MMP activity in BAL, underlining the differential effects of MMPs during various pathologies (45) . In a clinical trial, researchers reported serious musculoskeletal side effects in cancer patients that were given Marimastat. In addition, other clinical trials were stopped due to decreased survival or no survival benefit detected (53) . However, in a small clinical study of mild asthma, Marimastat reduced bronchial hyperresponsiveness to inhaled allergen and resulted in a nonsignificant drop in inflammatory cell egression to sputum (32) .
On the other hand, more promising, specific MMP inhibitors are in preliminary stages of research. A specific inhibitor with affinity for MMP2 and MMP9, ONO-4817, has been shown to decrease neutrophil migration to BAL and oxygen radical formation in response to ischemiareperfusion-induced lung injury (247) .
XII. SUMMARY
The MMP family regulates a multitude of biological responses in the lung that range from normal development to destructive and fibrotic changes. Although members of the MMPs family share variable degrees of se-quence homology and in vitro show overlapping substrate specificity, it should be emphasized that different cell types express MMPs under dissimilar conditions. As such, it is not surprising that MMP genes have diverse and, at times, opposite transcriptional regulatory mechanisms. MMPs can act directly by degrading lung ECM and/or other secreted proteins; alternatively, they function indirectly by changing the properties of the cleaved proteins in the alveolar space. Future efforts to identify their in vivo substrates will most likely yield the necessary information that will pave the way for elucidating their mechanism of action under normal or diseased states. Animal models of human lung diseases and clinical studies have provided ample evidence for the involvement of MMPs in the development or progression of a number of common lung diseases such as COPD, emphysema, and asthma. However, merely detecting increases in MMPs expression in various lung inflammatory conditions may not provide sufficient information to understand the contribution of MMPs in human lung diseases. On one hand, it appears that MMPs are upregulated in a variety of inflammatory and fibrotic lung diseases; however, inhibition of MMPs in models of human disease shows unexpected deleterious effects. Thus, while excess production of proteinases during inflammation occurs, this may prove to be a necessary phase of the repair process in the lung. Genetic models that result in over-or underexpression of MMPs applied to models of lung disease will provide invaluable information into MMP function, information which is required to determine the utility of proteinases and proteinase inhibitors in the clinical management of inflammatory lung diseases.
